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Paleosalinity estimates and rates of sedimentation inferred from core samples from the Hudson estuary for the interval
between 6.4 and 1.3 ka indicate a possible role for the estuarine turbidity maximum (ETM) in influencing patterns of estuarine
sedimentation at centennial to millennial time scales. Currently in the estuary, sedimentation is localized via sediment trapping
particularly in the vicinity of the ETM, 13–26 km upstream from Battery Park (FBP) at the southern tip of Manhattan, in water
depths greater than 4 m, and on the western side of the estuary. Data presented in this paper are from cores located within the
segment of the estuary 29–50 km FBP. Age constraints are provided by C-14 dating. Paleoenvironmental interpretations are
based upon paleosalinity estimates, grain size variability, and sedimentary structures.
Paleosalinity was inferred on the basis of foraminiferal biofacies analysis and a new method for estimating summertime
paleosalinity using oxygen isotope measurements in bivalve shell material. The isotopic analysis of a narrow size fraction (1.0–
1.7 mm) representing summer growth of a single bivalve species (Gemma gemma) reduces the uncertainty related to annual
changes in temperature. Data fromf45 km FBP indicate a gradual decrease in summertime paleosalinity between 6.4 and 2.0
ka from 25–20x to 15–10x (the latter is similar to present-day values). These results are consistent with the conclusion of an
earlier low-resolution study.
Sedimentation rates are generally low and are similar to the rate of sea-level rise in the Hudson River. Lowest
sedimentation rates are noted in short (<2 m) cores from north of the Tappan Zee Bridge (40–50 km FBP from 2.4 ka to
present); in shallow water (f2 m at mean low water, core SD-11) f45 km FBP; and on the eastern side of the estuary from
f50 to 29 km FBP. Exceptions are high sedimentation rates (up to four times background) observed in cores from the
western flats (SD 30, f45 km FBP, 4.9 to 3.4 ka) in water depths of 4 m and from the western part of the main channel
(P21.7 core, f32 km FBP, >2.3 to f1.3 ka).
We hypothesize that the observed pattern in sediment accumulation relates to a location for the ETM some 20 km
upstream of its present position at 3 ka. Downstream migration of the ETM since 3 ka is ascribed to shoaling of the estuary,
effectively squeezing the marine saltwater wedge in the same direction, and off marginal flats into the channel. Such shoaling
would have enhanced the role of waves in mixing marine and fresher surface water, and reduced the effect of the ETM in0025-3227/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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is highly localized, suggesting a more complex depositional pattern than previously indicated in estuarine stratigraphic
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1. Introduction to the lack of appropriate age resolution and partlyPatterns of sedimentation and salinity variation in
modern estuaries are influenced by tides, wave action,
fluvial discharge (e.g., Brown et al., 1995), the con-
figuration of the estuary, and sea-level change (e.g.,
Dalrymple et al., 1992). Sand accumulates at both the
mouth of the estuary (from marine sources) and in
bayhead deltas. The latter are localized where con-
fined river channels empty into broader bodies of
brackish water characterized by finer-grained sedi-
mentation (Dalrymple et al., 1992; Zaitlin et al.,
1994). Salinity varies spatially, with depth and as a
function of time (Brown et al., 1995), and influences
the flocculation of clays. In partially stratified estuar-
ies, an abrupt gradient between marine saline water
(seaward and at depth) and river-derived fresh water
(upstream and at the surface) leads to the development
of excess sediment in suspension (Postma, 1967;
Geyer, 1993). The Estuarine Turbidity Maximum
(ETM), where the concentration of suspended sedi-
ment is greatest, typically develops where the salinity
gradient is most pronounced at the upstream end of
the saltwater intrusion (Geyer, 1993) or through the
middle portion of the salinity intrusion (Geyer et al.,
1998). The role of an ETM in influencing the locus of
fine-grained sedimentation has been recognized in
numerous estuaries (e.g., Geyer, 1993; Uncles and
Stephens, 1993; Fenster and FitzGerald, 1996; Le Bris
and Glemarec, 1996; Grabemann et al., 1997; Sanford
et al., 2001). The convergence of saline bottom water
and fresh surface water near the ETM tends to reduce
the strength of both flows (Nichols, 1972), and hence
to favor the deposition of suspended sediment. Rates
of accumulation are as much as two orders of magni-
tude greater than in other parts of the fluvial–estua-
rine system (Woodruff et al., 2001).
Although these processes have been studied exten-
sively in modern estuaries, their role at geological
time scales is less well established. This is partly duebecause it is difficult to quantify paleosalinity in
ancient estuarine deposits. If the ETM played a role
at those time scales, the locus of sediment accumula-
tion ought to have been influenced by salinity. This
paper describes a proxy for the estimation of paleo-
salinity, an integrated approach using oxygen isotopes
and benthic foraminiferal assemblages, with an appli-
cation to the mid- to late Holocene of the Hudson
estuary. Results using paleosalinity estimates com-
bined with lithofacies and age models for cores taken
from the Hudson estuary provide evidence that sup-
ports the hypothesis that the ETM influenced sedi-
mentation at time scales of up to thousands of years.
This suggests a more complex depositional history for
estuaries that contain an ETM than indicated in the
typical estuarine stratigraphic models.2. The Hudson estuary
The Hudson valley and estuary have witnessed
marked environmental changes since the late Pleisto-
cene glacial maximum (19 ka). The valley was incised
to a depth of 200 m below modern sea level in the
vicinity of the Tappan Zee Bridge, 45 km upstream
from Battery Park (FBP) at the southern tip of
Manhattan, by a combination of glacial and glacio-
fluvial processes. Retreat of the ice led to the devel-
opment of a series of moraine-dammed glacial lakes at
least as far north as Albany (Uchupi et al., 2001).
These lakes were drained, replaced by a through-
going river system, and flooded by the sea in the
vicinity of New York Bay by 12–10 ka (Weiss, 1974).
The Hudson estuary was progressively drowned until
6–7 ka, when paleosalinity reached a maximum
value. A decrease in paleosalinity since 6 ka is
thought to be due primarily to infilling of the estuary.
The late Pleistocene and Holocene evolution of the
estuary would also have been influenced by the
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(Newman et al., 1969; Ridge et al., 1991).
Today, sedimentation in the Hudson estuary is
controlled primarily by tides and wave action, fluvial
discharge, and dredging. Although the tidal range is
only 1–2 m at the mouth of the estuary, sedimentation
is tidally influenced as much as 220 km upstream FBP.
Tidal flows in the lower reaches of the channel are in
excess of 1 m s1 (Olsen et al., 1978). Salinity ranges
from near marine values in the lower harbor tof0.5x
as far as 100 km north FBP, and varies with the tidal
cycle and seasonally (according to runoff).
2.1. The ETM in the Hudson estuary
The ETM is a prominent feature in the lower part
of the Hudson estuary (Fig. 1), associated withFig. 1. Map of study area in the lower Hudson estuary showing location
Haverstraw Bay begins just north of the upper portion of this map.localized concentrations of suspended sediment and
elevated rates of sediment accumulation. It encom-
passes the portion of the estuary in which the greatest
salinity gradient is observed, typically between 12 and
26 km FBP (Geyer et al., 1998), and is similar to
turbidity maxima in other estuaries (e.g., James River
estuary; Nichols, 1972). It has been shown to be
important in fine-grained sedimentation patterns in
the Hudson estuary (e.g., Olsen et al., 1978; Geyer,
1993; Woodruff et al., 2001), with among the highest
rates of sediment deposition (10–30 cm/year) ob-
served. High sedimentation rates are found preferen-
tially on the western side of the estuary (due to the
baroclinic pressure gradient and Coriolis acceleration;
Geyer et al., 1998), where the estuarine bottom is
below wave base (>4 m, R. Geyer, personal commu-
nication, 2002). Sedimentation rates at decadal ands of cores used in this study and location of the present-day ETM.
S.F. Pekar et al. / Marine Geology 209 (2004) 113–129116longer time scales are f1.3 cm/year (Geyer et al.,
2001), and this results in shoaling beneath the ETM
(Coch, 1986; Woodruff et al., 2001). These sedimen-
tation rates are an order of magnitude larger than rates
estimated upstream (V1.0 mm/year; Olsen et al., 1978;
McHugh et al., 2004). In fact, outside of the ETM,
sedimentation is localized only in the vicinity of
anthropogenic features (e.g., bridge footings) or un-
usual geomorphic structures (outcrops on the river-
bed; McHugh et al., 2004), both of which influence
flow patterns.
A combination of marine, estuarine and fluvial
processes results in systematic spatial variations in
sedimentation. Clay and silt accumulate from south
of Kingston (f150 FBP) to near the Tappan Zee
area, and on the western side of the estuary as far
south as upper New York Bay (Coch, 1986; Wood-
ruff et al., 2001). Sand accumulates mainly north of
Kingston, and in channels and on the eastern side of
upper and lower New York bays (Coch, 1986).
Coarse-grained sediments in the lower part of the
estuary are transported mainly by marine processes
(tides and waves) from Long Island Sound via the
East River (Coch et al., 1991) and from the Atlantic
Ocean through the Verrazano Narrows (locations
south and east of the area shown in Fig. 1).
Coarse-grained sedimentation north of Kingston is
controlled by tidal and fluvial processes, and is
characterized by sinuous channels and the develop-
ment of islands. The study area, located in the
estuary between 29 and 50 km FBP, is characterized
by the deposition of clay and silt and by a relatively
low-energy tidally influenced environment.
2.2. A paleo-ETM in the Hudson estuary?
The prominence of the ETM in the Hudson estuary
today raises questions regarding whether an ETM may
have existed in the past and, if so, about the role it
may have played in the development of the long-term
sedimentary record of the estuary. Hypothesizing that
an ETM was present in the past, where would one
look for it in the geologic record; and how might
short-term sediment deposition associated with the
ETM ultimately become preserved in the long-term
record? Published low-resolution studies at centennial
to millennium time scales indicate that salinity in the
Hudson estuary was higher in the past (Weiss, 1974),and hence that the ETM should have been located
farther upstream than it is today. This expectation
guided the selection of cores used in this study
upstream and on the submerged flats located west of
the thalweg.
Salinity profiles in the Hudson estuary in relation to
the ETM provide clues about how a paleo-ETM might
be expressed in core. Because the ETM is restricted to
a particular salinity range, paleosalinity estimates are
needed to determine its former location from the
sedimentary record. Our data provide a proxy for the
summertime salinity range. A useful secondary indi-
cator is anomalously rapid sedimentation on the
western side of the estuary in water depths greater
than 4 m. The rate of sedimentation inferred in a given
core ought to increase upwards in intervals of moder-
ate summertime paleosalinities (low 20s to upper
teens), and then decrease as the paleosalinity decreases
to the mid- to low teens, corresponding with migration
of the ETM downstream from the sampling site. The
stratigraphic level of the paleo-ETM inferred in this
way from a series of cores is expected to become
progressively younger in a seaward direction.3. Cores used in this study
Three long cores (6–9 m) and six short cores (<3
m) from the lower portion of the Hudson estuary were
used in this study (Fig. 1). These cores had been
obtained for other reasons prior to our research.
Therefore their locations, here specified in reference
to the distance from Battery Park in Manhattan (FBP),
are not necessarily ideal for this study, but still
provide sufficient coverage within the study area to
ascertain the overall sedimentation and paleosalinity
patterns of this portion of the estuary. Two long cores
are located in the Tappan Zee area (45 km FBP), one
near the western shore (SD-11), and the other close to
the channel margin (SD-30; Fig. 1). The Vema 32-02
core is located in the thalweg near the eastern margin
of the channel (29 km FBP; Olsen et al., 1978). Data
were obtained also from long cores from the eastern
side of the estuary in the Tappan Zee area 44–48 km
FBP (Weiss, 1974), from short cores (<3 m) north of
the Tappan Zee Bridge (45–50 km FBP; McHugh et
al., 2004), and from f32 km FBP in the channel
(Olsen et al., 1978).
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In this study, paleosalinities were estimated using
benthic foraminiferal biofacies and d18O fromo bi-
valves. Carbon-14 dating provided the age control,
with reservoir offset corrections for C-14 dates ob-
tained from shell material corresponding with brackish
water. Water-depth changes were estimated using sed-
imentation rates from cores and sea-level changes from
Peltier (1998).
4.1. Paleosalinity estimates from benthic
foraminiferal biofacies
Paleosalinity was estimated on the basis of the
relative abundance in samples of benthic foraminif-
eral assemblages similar to modern assemblages of
known salinity tolerance in several comparable estu-
aries including the Hudson itself (Weiss, 1976; Ban-
ner and Culver, 1978; Scott et al., 1977, 1980; Buzas
et al., 1985; Murray, 1991). Benthic foraminifers
were identified using the taxonomy of Parker (1952),
Buzas (1965a,b), Todd and Low (1981), Buzas et al.
(1985), and Loeblich and Tappan (1988). Four
assemblages were recognized: agglutinated spp., Hay-
nesina spp., Elphidium spp., and Ammonia spp.
assemblages.
The agglutinated assemblage consists mainly of
Trochammina spp. and Ammoscalaria spp., and is
inferred to have lived in brackish water with a paleo-
salinity of between 7x and 15x (11x mean value;
Ellison and Nichols, 1976; Weiss, 1976; Murray,
1991). This estimate is based on studies that show that
calcareous foraminifers are typically intolerant of sal-
inities less than 15x, while agglutinated foraminifers
continue to live (and flourish) in salinities as low as
5x. The Haynesina assemblage is inferred to indicate
a paleosalinity range of between 14x and 22x (18x
mean value). Haynesina spp. is a taxon commonly
found in estuaries in the transition between brackish
and more open-marine conditions (Scott et al., 1977;
Murray, 1991). The assemblage consists of Haynesina
obliculare, Haynesina germanica, and agglutinated
taxa with low abundances of Elphidium barletti and
other Elphidium species. The Elphidium assemblage is
inferred to characterize salinities of 14–30x (22x
mean value; Weiss, 1976; Weiss et al., 1975; Murray,
1991). Elphidium gunteri, Elphidium margaritaeum,and Elphidium brooklynense dominate the assemblage.
The Ammonia spp. assemblage consists primarily of
Ammonia beccarii and Ammonia tepida, with minor
amounts of Elphidium spp., Buccella frigida, and rare
species typical of more open-marine conditions (e.g.,
Bolivina spp., etc.). This assemblage is typically ob-
served today in the southern portion of New York
Harbor (where salinities are near 25x; Weiss, 1974,
1976). The paleosalinity range for the assemblage is
estimated to be between 18x and 32x (25x mean
value).
A paleosalinity estimate was obtained for each
sample by summing the product of the salinity repre-
sented by each foraminiferal assemblage and the
fraction of that assemblage in the sample. The results,
which are subject to appreciable uncertainty owing to
the environmental tolerance of the groups used, can be
compared with estimates based on the analysis of
oxygen isotopes.
4.2. Comparison with oxygen isotope data
Oxygen isotope data can be used to estimate salinity
in estuaries owing to the marked contrast between
fresh water d18O values (between9x and7x) and
values associated with open marine water (close to
zero). Salinity is influenced by variations in fluvial
discharge and rainfall, which tends to increase vari-
ance in isotopic data, but the most significant source of
isotopic variation in non-tropical estuaries relates to
seasonal temperature change.
In an attempt to minimize this effect, data were
obtained from a narrow size fraction (1.0–1.7 mm)
of a single species of bivalve (Gemma gemma).
Today, G. gemma is most abundant in Raritan Bay
(f30 km south FBP), at depths of a few meters
below mean low water (MLW), and in water with a
salinity of 24–27x (Selmer, 1959) and has been
reported elsewhere to be associated with polyhaline
to upper mesohaline environments (f14–35x sa-
linity; Ristich et al., 1977). This species is abundant
in cores used in our study, and the size fraction
selected makes it possible to limit sampling to early
summer to early autumn first-year growth (Bradley
and Cooke, 1957; Selmer, 1967; Green and Hobson,
1970). This is important because larger specimens
(>2 mm), those with two or more years of growth,
contain a significant amount of shell material secret-
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when both temperature and salinity are expected to
have been significantly different. Use of such speci-
mens would result in an isotopic offset of about
0.8x between different size fractions (Fig. 2). The
use of monospecific samples is important because
isotopic offsets also vary between species (at least
0.6x; Owen et al., 2002). Ignoring these consider-
ations would result in a combined uncertainty of at
least 1.4x, which is almost half of the entire range in
d18O values (3.3x) documented in this study. Aver-
age summertime temperature is estimated to be 22F3
jC based on a range in the modern estuary between
19 jC in the early summer and a maximum off24–
25 jC. This results in an uncertainty in paleosalinity
estimates of F3x.Fig. 2. Oxygen isotopic offsets are compared between first and
second year bivalve species, G. gemma in the SD-30 core. An
average offset of f 0.8x in the isotopic values exists between
second- and first-year bivalves.Contaminants were removed from the mollusk
shells by dipping them in dilute HCl. Stable isotope
measurements on 50–100 Ag of shell material were
made on a Micromass Optima mass spectrometer with
Multiprep carbonate preparation device. Oxygen iso-
tope values were calibrated using NBS-19 and NBS-
18. Replicate measurements on an in-house carbonate
standard show a 1r standard deviation in d18O better
than 0.08x.
A linear relationship between d18O and the salinity
of the water is assumed (Fig. 3), and constrained by
d18O and salinity values from seawater and from the
Hudson estuary near Iona Island (Fairbanks, 1982)
and salinity data (McHugh, unpublished data) from
surface waters from Iona Island obtained in late
October. Paleosalinity estimates obtained in this way
from d18O are consistent with those obtained from
benthic foraminiferal biofacies, within the uncertain-
ties of methods used. First-order features in both
records agree well.
4.3. Carbon-14 dating
Developing age models in estuarine sediments
using C-14 dates is problematic owing to the incor-
poration of old carbon into shell material and the
salinity dependence of the necessary reservoir correc-
tion. The standard marine C-14 offset is 400 year
(Broecker, 1963). The correction in water of lower
salinity is significantly larger but not well known. We
assumed a linear relation between the marine offset
and a C-14 date of 1230 years (D.M. Peteet and J.L.
Rubenstone, personal communication, 2004) obtained
from a pre-bomb1 bivalve shell from the Hudson
River near Haverstraw Bay (f60 km FBP; average
salinity, f6x). The uncertainty in age associated
with this correction for varying salinity is F60 year.
Shell material used in this study for C-14 dating is
from monospecific specimens (G. gemma) and a
narrow size range. Carbon-14 ages from other studies
listed in Table 1 used shell material from unspecified
bivalves. This may increase the error in the reservoir1 Atmospheric nuclear bomb testing has increased C-14 in the
atmosphere significantly, limiting the use of C-14 ages for dating
since the 1940s. To calibrate C-14 reservoir offsets, shell material
must be older than this time.
Fig. 3. Salinity relationship to d18O is shown. The different regressions show the d18O and salinity relationship at specific temperatures. The
regression uses open marine values and d18O values (Fairbanks, 1982) and salinity data (McHugh, unpublished data) from surface waters from
Iona Island obtained in late October. The gray shaded area is bounded by the range in oxygen isotope values from this study and the temperature
range that G. gemma lives and shows the range in salinities that are possible for the data from this study. Based on data obtained from the
Hudson estuary (e.g., Weiss et al., 1975; Ashkan, unpublished data), a 22F 3 jC temperature was used to estimate summer time salinity.
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tion of the calcite occurred. Carbon-14 dates obtained
from plant material do not require the same reservoir
correction, but they are subject to uncertainty about
the timing of deposition and burial compared with the
time at which the plant died. All C-14 ages were
converted to calendar years based on Stuiver et al.
(1998). Carbon-14 dates obtained from shell and
wood material were processed at the National Ocean
Sciences Accelerator Mass Spectrometry Facility
(NOSAMS) using a VG Prism mass spectrometer,
with an analytical uncertainty of F35 to F65 years.
4.4. Constraints on water-depth changes
Water-depth changes were estimated by comparing
sedimentation rates inferred from the cores with sea-
level changes implied for the Hudson River by the
models of Peltier (1998). The latter take into account
the mantle flow and vertical motions of the litho-
sphere engendered by glacial retreat and unloading
(Peltier, 1999). It is not possible to measure water-
depth changes directly with any confidence using
foraminiferal assemblages or lithofacies because in
estuarine settings these proxies are influenced strongly
by other factors (e.g., salinity for foraminifers and
energy of the system for lithofacies).5. Results
5.1. Estimates of paleosalinity and sedimentation
rates from cores
A combination of benthic foraminiferal data and
d18O measurements in bivalves from Hudson estuary
cores indicate that paleosalinity decreased systemati-
cally during the mid- to late Holocene. Corresponding
sedimentation rates were generally low (f1.0 mm/
year or less), with two notable exceptions: the interval
between 4.9 and 3.4 ka in core SD-30 (western flats;
water depth of 4 m), and between 2.3 and 1.3 ka on
the western flank of the channel (core P21.7; Fig. 1).
5.1.1. SD-30 core
Core SD-30, collected near the channel margin in
the Tappan Zee area, is divisible into three intervals on
the basis of sedimentation rates and inferred paleosa-
linity. The lowest interval (931–700 cm; 6.4–4.9 ka) is
characterized by high paleosalinities (15–26x) and
variable sedimentation rates (0.9–2.4mm/year; Fig. 4).
Isotopic data and foraminifers provide similar paleo-
salinity estimates (averages of 21x and 23x, respec-
tively). The sediments are highly bioturbated, with the
most abundant shell concentrations in the core found
below a depth of 765 cm. Shell material consists mainly
Table 1
Carbon-14 ages, reservoir offsets and calendar years
Sample Source Uncorrected
C-14 dates











SD-30 8.0 a 1940 35 1905 1975 12 1052 888  112 776
70.0 a 2370 35 2335 2405 12 1052 1318  69 1249
202.0 a 3730 50 3680 3780 18 874 2856 102 2958
254.0 b 4100 35 4065 4135 20 815 3285 217 3502
284.0 a 4160 35 4125 4195 20 815 3345 205 3550
466.0 b 3785 40 3745 3825 wood 3785 420 4205
530.0 a 4800 65 4735 4865 20 815 3985 460 4445
574.0 a 4820 65 4755 4885 20 815 4005 410 4415
695.0 a 5060 40 5020 5100 21 785 4275 568 4843
780.0 b 5840 354 5486 6194 22 756 5084 791 5875
920.0 a 6270 35 6235 6305 24 696 5574 828 6402
SD-11 30.0 b 190 40 150 230 wood 190 0 190
314.0 c 4230 40 4190 4270 18 874 3356 241 3597
348.5 b 4320 40 4280 4360 21 785 3535 255 3790
731.0 b 5850 110 5740 5960 25 667 5183 791 5974
760.0 c 6295 40 6255 6335 22 756 5539 778 6317
Vema 32-02 5.0 d 0 0 0 0 23 726 0 0
10.0 b 700 85 615 785 24 696 4 4
110.0 d 1120 300 820 1420 27 607 513 8 521
128.0 d 1500 130 1370 1630 27 607 893  47 846
200.0 d 2210 370 1840 2580 27 607 1603  117 1486
254.0 b 2490 35 2455 2525 wood 2490 8 2498
266.0 d 2080 270 1810 2350 27 607 1473 outlier
560.0 b 4760 60 4700 4820 27 607 4153 638 4791
P21.7 37.5 d 2240 40 2200 2280 23 726.1 1514  95 1419
135.0 d 2740 40 2700 2780 23 726.1 2014  18 1996
205.0 d 2980 40 2940 3020 25 667 2313  45 2268
Source of C-14 dates. (a) Peteet and Rubenstone (in preparation). (b) This study. (c) Carbotte et al. (in press). (d) Olsen et al. (1978). Carbon-14
ages obtained in this study used shell material from monospecific G. gemma specimens from a narrow size range (1.0–1.7 mm). Carbon-14 ages
from other studies used shell material from unspecified bivalve species.
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representing up to 50% of the sediments by weight in
that part of the core. The dominant species of bivalves
are G. gemma andMulinia lateralis, both of which are
common in estuaries and characteristic of upper mes-
ohaline to polyhaline environments (f14–35x pale-
osalinity; Ristich et al., 1977; Weiss et al., 1978).
The overlying interval (700–223 cm; 4.9 to 3.4 ka) is
characterized by higher sedimentation rates (an increase
from 0.9 to 3.2 mm/year; Fig. 4) and paleosalinity
estimates ranging from 15x to 26x, averaging 19x
from isotopes and 18x from foraminifers. The upper-
most interval (223–0 cm; 3.4 to <2.6 ka) is associated
with a marked decrease in sedimentation rate, from 3.2
mm/year to0.8mmwithpaleosalinities decreasing from
around 20x to 15–10x by 158 cm (2.6 ka; Fig. 4). Thesedimentation rate is similar to the rate of sea-level rise
modeled by Peltier (1998). Average paleosalinity esti-
mates for this interval are 17x from isotopes and 15x
from foraminifers.
5.1.2. SD-11 core and cores north and east of the SD
cores
Sedimentation rates for SD-11 range from 1.7 mm/
year (between 6.3 and 3.6 ka) to 1.0–0.7mm/year (from
3.6 ka to present), and generally track the sea-level rise
modeled by Peltier (1998; 1.4–0.8 mm/year; Fig. 5).
The high rates documented in SD-30 are not observed in
the SD-11 core. Paleosalinity estimates range from
19x to 24x between 757 and 480 cm, and from
14x to 21x between 480 and 181 cm. No benthic
foraminifers were available in the upper 180 cm (1.9 ka
Fig. 4. Summary figure for SD-30. The upper part of this figure shows the age model for the SD-30 core (thin black line) and relative sea-level
curve (thick black line) based on Peltier (1998). Linear regressions for sedimentation rates are shown for each interval. Small black circles
represent calendar ages converted from C-14 ages obtained from shell material (corrected for reservoir offsets) and the large black circle
represents a calendar age converted from a C-14 age from plant material. Non-filled circles are uncorrected C-14 ages. The middle part of this
figure shows water-depths for the SD-30 core (present day water depth at SD-30 is f 4.0 m, mean low tide). Water depths were determined by
taking the difference between the sea-level estimates for the Hudson River from Peltier (1998) and the sedimentation history of SD-30. The
lower part of this figure are paleosalinity estimates based on foraminifers and oxygen isotopes.
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Fig. 5. Summary figure for SD-11. The sediment cumulative percent is compared to paleosalinity estimates based on foraminiferal assemblages
(dark gray line with range in light gray) and oxygen isotopes (black line) and the age model based on C-14 dates. Changes in sedimentation rates
and linear regressions are shown for each interval.
S.F. Pekar et al. / Marine Geology 209 (2004) 113–129122to present) to estimate paleosalinity. This may be due to
low salinities or other paleoenvironmental conditions
adverse to these organisms.
Short (<2 m) cores acquired north of the SD cores
are characterized by little to no deposition (V1.0 mm/
year) for at least the past 1.0 ky (McHugh et al., 2004),
and by low paleosalinity (<15x) throughout. Ages for
these cores date back to 2.4 ka, suggesting relatively
slow sedimentation rates. Long cores on the eastern
side of the estuary in the Tappan Zee area show
generally slow sedimentation and decreasing salinities
through time (Weiss, 1974).5.1.3. Vema 32-02 and P21.7 cores
Sedimentation and paleosalinity estimates for most
of the Vema 32-02 core show the least variability
among the three long cores (Fig. 6). Foraminifers
and stable isotope data indicate average summertime
paleosalinities in the mid-20’s to upper teens for the
entire core. Sedimentation rates are relatively low
between 603 cm (base of the core) and 120 cm,
ranging from 1.4 to 0.6 mm/year. These rates are
similar to the rate of sea-level rise of Peltier (1998;
1.4–0.8 mm/year), resulting in little change in water
depth. However, the upper 100 cm was deposited more
Fig. 6. Summary diagram for Vema 32-02 and P21.7 cores. For Vema 32-02, the sediment cumulative percent is compared to paleosalinity
estimates based on foraminiferal assemblages (dark gray line) and oxygen isotopes (black line) and the age model based on C-14 dates. C-14
dates are from this study and Olsen et al. (1978) (Table 1). For core P21.7, two possible sedimentation rates younger than 1.3 ka are shown: 1)
sedimentation continues at 1.7 mm/year and then ends abruptly at 1.2 ka; and 2) slow sedimentation ( < 0.3 mm/year) to present. The lower part
of this figure shows water-depth changes for the Vema 32-02 and P21.7 cores compared to present day.
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water depth within the past 500 years.
A short (<3 m) core (P21.7) obtained by Olsen et al.
(1978) from the main channel,f3 km north of Vema
32-02, records moderately high sedimentation rates
(3.3–1.7 mm/year) untilf1.3 ka, and very low rates
thereafter (<0.3 mm/year; Olsen et al., 1978). Paleo-
salinity studies were not undertaken for this core.6. Sedimentation patterns and paleosalinity
changes in the Hudson estuary: evidence for a
paleo-ETM
Results from this study suggest that sedimentation
rates were comparable to the rate of sea-level rise
(based on Peltier, 1998) over broad areas in theestuary (Figs. 5 and 6), with high rates restricted to
relatively short time intervals on the flats west of the
channel (in water depths >4 m at 45 km FPB between
4.9 and 3.4 ka; Fig. 4), and in the western part of the
channel (32 km FBP between >2.3 and 1.3 ka). In
contrast, modern sedimentation is exceedingly patchy,
and localized via sediment trapping particularly in the
vicinity of the ETM (between 13 and 26 km FBP) on
the western side of the estuary in water depths greater
than 4 m (Woodruff et al., 2001). Our data reveal a
decline in the paleosalinity of the Hudson estuary
from the mid- to late Holocene, from the low 20’s to
between 10x and 15x at SD-30, and from the mid-
teens to <10x farther upstream in Haverstraw Bay
(Weiss, 1974).
A comparison between paleosalinity and sedimen-
tation rates inferred for SD-30 and the patterns ob-
S.F. Pekar et al. / Marine Geology 209 (2004) 113–129124served today suggests that the paleo-ETM may have
influenced sedimentation at geological time scales.
Elevated sedimentation rates at SD-30 date to 4.9 ka
and are associated with a summertime paleosalinity
between 15x and 26x, comparable with summer-
time salinities observed near the seaward limit of the
contemporary ETM (Fig. 7). Laminated sediments are
common within this interval, suggesting that sedimen-
tation rates were sufficiently high to limit bioturba-
tion. A decrease in the rate of sedimentation at f3.4
ka (from 3.2 to 0.8 mm/year) coincides with a
decrease in summertime paleosalinity from f20x
to the low teen’s by 2.6 ka, a value that is consistent
with the summertime salinity near the upstream limit
of the ETM.
Bivalve abundances also provide evidence for
variations in turbidity and the rate of sedimentation.
The interval of highest sedimentation rate in SD-30Fig. 7. Sedimentation and paleosalinity patterns are compared from SD-
shown by thickness of gray line. Hatchered portion of line is the age uncerta
right, sedimentation rates are shown during one year due to the ETM (W
Hudson estuary (Geyer et al., 1998). This provides an indication of how the
with the most seaward extent of the ETM and maximum landward extent
high sedimentation rates, respectively.(700–220 cm) is characterized by a diminished abun-
dance of G. gemma abundance and the absence of
oysters (species Crassostrea virginica). Both species
are susceptible to turbidity, which is typically associ-
ated with high sediment flux (Selmer, 1959). The rate
of sedimentation in the vicinity of the modern ETM
(<30 cm in a season; Woodruff et al., 2001) is
sufficient to blanket the hard substrate that oysters
need for successful setting of spats and to bury the
tiny shells of G. gemma.
High rates of sedimentation appear to have been
spatially limited and to have migrated seaward
through time. They are noted in the Tappan Zee
area (f45 km FBP) between 4.9 and 3.4 ka, in the
vicinity of Alpine (core P21.7; 32 km FBP) no later
than 2.3 ka (base of the core) to 1.3 ka, and today
between 26 and 13 km FBP (Woodruff et al.,
2001).30 and present-day in the Hudson estuary. Sedimentation rates are
inty. See Fig. 4 for paleosalinity and water-depth description. On the
oodruff et al., 2001) and a salinity profile of early summer of the
paleo-ETM could be preserved as it migrated seaward through time,
of the ETM being equivalent to the base and top of the interval with
Geology 209 (2004) 113–129 1256.1. Explanation for a migrating locus of
sedimentation
The locus of anomalous sedimentation associated
with paleosalinities of f14x to f22x on the
western side of the estuary appears to have migrat-
ed from immediately north of the Tappan Zee
Bridge to its present position in f3 ky. A plausi-
ble explanation for this pattern is the seaward
migration of the ETM and the high sedimentation
associated with it. The high sedimentation would
have resulted in shoaling (i.e., the rate of accumu-
lation exceeded the rate of sea-level rise), which
would effectively squeeze the salinity wedge (and
associated ETM) seaward and from the flats into
the main channel, and increase wave-induced mix-
ing of marine and less saline waters. Wave action
would have reduced the influence of the ETM and
the preservation potential of any sediment that
accumulated, particularly in the area of greatest
fetch between the Tappan Zee Bridge and Haver-
straw Bay. This expectation is consistent with the
observation that the water depth at SD-30 at f3.4
ka is indistinguishable from the present depth
(within 30 cm; Fig. 4), with a reduction in the
abundance of laminated sediments, and with the
absence of evidence for rapid sedimentation at SD-
11, where the water depth was consistently less
than that at SD-30. However, short cores obtained
from immediately north of SD-11 and SD-30 (1–6
km) also reveal extremely slow sedimentation and/
or sedimentary bypass since at least 2.4 ka
(McHugh et al., 2004), in spite of water depths as
great as 10 m, suggesting that wave energy may not
have been the only factor limiting sediment accu-
mulation in the Tappan Zee area during the mid- to
late Holocene.
6.2. Other factors
Although the results from this study support the
hypothesis that a paleo-ETM migrated seaward, other
factors (such as climate change) may have played a
role. Variations in precipitation would have influ-
enced runoff and the location of the salinity wedge in
the estuary. However, they do not explain the ten-
dency for sediment to accumulate on the western side
of the estuary, nor the apparent migration of the locus
S.F. Pekar et al. / Marineof sedimentation. Long-term changes in paleosalinity
at SD-30 date from prior to f2.5 ka are therefore
probably unrelated to marked shorter time scale
changes (i.e., centennial scale) in both North Amer-
ican and global climate since 2.5 ka (e.g., Dwyer et
al., 1996; Bond et al., 1997; Campbell et al., 1998;
Mullins, 1998; Viau et al., 2002). However, higher
frequency (centennial time scale) and lower ampli-
tude paleosalinity changes observed at SD-30 be-
tween 6.4 and 3.0 ka (Fig. 4) may have been
influenced by variations in precipitation/runoff (Pekar
et al., 2002). Additional studies are needed to sort out
such details.7. Comparison between the evolution of the
Hudson estuary and sequence stratigraphic models
In standard conceptual sequence stratigraphic
models (e.g., Dalrymple et al., 1992; Zaitlin et al.,
1994), fine-grained sedimentation in estuaries is
generally portrayed as areally widespread. Our study
of the Hudson estuary suggests that this may not be
true in estuaries dominated by an ETM and that at
any time, estuarine sedimentation is highly localized,
suggesting a more complex depositional pattern than
previously indicated in estuarine stratigraphic mod-
els. High sedimentation rates are restricted to the
regions where the ETM was present, while in
contrast, in large portions of the estuary, sedimenta-
tion kept pace with the ever slowing rates of sea-
level rise that occurred during the mid to late
Holocene. Our results suggest that during the trans-
gression in a typical estuary that contains a signif-
icant ETM, the paleosalinities and ETM would first
migrate upstream. Then as the rate of sea-level rise
slowed, sedimentation would begin to fill in the
marginal flats (prograding toward the channel, Fig.
8B) as well as migrate progressively seaward (Fig.
8A) due to the migration of the ETM. This result
implies that in other estuaries around the world in
which a paleo ETM existed should also contain a
similar pattern with the localized high sedimentation
rates filling in the accommodation to wave base with
both the ETM and the locus of sedimentation
migrating seaward (Fig. 8). Applying this model to
the standard stratigraphic models (e.g., Zaitlin et al.,
1994), these high sedimentation rates (e.g., ETM)
Fig. 8. (A) Generalized conceptual model of sediment accumulation in the estuary as the rate of sea-level rise slowed and the ETM migrated
seaward. As the valley flooded and the estuarine conditions migrated upstream, sediments onlapped (lighter gray). As the rate of sea-level rise
decreased, high sedimentation rates due to the ETM would occur first upstream and then migrate seaward (darker gray). The geometry of the
prograding sediments is simplified in this diagram. It would be expected that the location of high sedimentation would be controlled by the
location of the salinity that the ETM typically develops in, which in turn would depend on annual to decadal variability in precipitation/runoff.
This could result in a complex geometry, consisting of mound-like to lobe-like distribution of sediments. Inset A depicts how this complex
geometry may be represented in a cross-sectional view. However, if the overall shift in the ETM at the yearly time scale was small ( < 10 km),
the overall sedimentation rates determined from cores would appear to be relatively constant. (B) Conceptual diagram showing a cross section of
the estuary north of the Tappan Zee Bridge, based on cores SD-11, SD-30, Vema 32-03, and the cores described by Weiss (1974). The stratal
geometry under the channel is conjectured, since cores from this location have not been sampled. This figure illustrates that sedimentation
remained fairly constant (i.e., kept up with rising sea level) at SD-11 and cores on the east side of the estuary (Vema 32-02 and Weiss, 1974). In
contrast, anomalously high sedimentation rates only occurred near SD-30 and are hypothesized to be due to the ETM. Additionally, the high
sedimentation rates as a result of the trapping of the ETM would result in a filling of the western flats and a clinoformal geometry that would
build out into the channel.
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and the final infilling of the estuary during the
transgressive phase. The low sedimentation intervals
above are interpreted as the condensed interval (e.g.,
Allen and Posamentier, 1992), which separates the
transgressive phase from the regressive phase. It
should be noted that the condensed section that
developed in the Hudson estuary is due to sedimen-
tary bypass, which is the result of tidal and, in some
cases, wave energy. This is in sharp contrast to the
condensed section in marine settings, which istypically attributable to sediment starvation (Posa-
mentier et al., 1988), suggesting that extremely
different processes are work in the formation of
the condensed section in estuaries and in marine
realms (McHugh et al., 2004).8. Future research and directions
This paper highlights the possible role of the ETM
in the evolution of the Hudson estuary. Among issues
S.F. Pekar et al. / Marine Geology 209 (2004) 113–129 127that remain to be addressed is whether sedimentation
was more widespread in the early Holocene Hudson
estuary than is the case today; and why the rate of
sedimentation near the modern ETM at the decadal
time scale (f1.3 mm/year; R. Geyer, personal com-
munication, 2002) is higher than that associated with
the interpreted paleo-ETM (<0.4 cm/year; SD-30 and
P21.7 cores). Perhaps the most important aspect is
that within the region of the present-day ETM,
extensive dredging and construction of jetties and
piers have taken place during the past century. This
could skew sedimentation patterns toward higher
rates (Simmons and Herrmann, 1972) and could
provide an explanation why higher sedimentation
rates in the last 100 years were estimated in cores
taken from within the area of the present-day ETM.
Land clearance has been suggested for increased
sedimentation in the Chesapeake Bay and other
coastal plain sites (Colman et al., 2000).
Another direction for study is how variability in
seasonal runoff would affect the position of the ETM
and the subsequent position of high sedimentation at
geological time scales. Precipitation variability could
result in a shift in the location of the ETM by a few
kilometers at the annual to decadal time scale. With
the present-day ETM extending over 10 km’s in the
Hudson estuary, a shift of a few kilometers would
result in little change in the sedimentation rates
detected in the cores using C-14 dating (Fig. 8A,
inset). However, greater variability in runoff could
result in migration of the high sedimentation zone to
be more pronounced (e.g., shifting >10 km). This
could cause fluctuations in sedimentation rates within
cores; however, it is uncertain whether C-14 dating
would be able to detect them. In the case of SD-30, a
relatively constant high sedimentation rate was indi-
cated; however, because of limitation in age resolu-
tion, it may not be able to detect such variability.
Therefore, it is conceivable that some annual shifting
did occur.9. Conclusions
Sedimentation and paleosalinity patterns inter-
preted from cores from the Hudson estuary support
the hypothesis that the ETM influenced sedimenta-
tion at geological time scales, and that the ETM mayhave migrated f20 km seaward between mid- and
late Holocene time. Rapid sediment accumulation in
the vicinity of the ETM accounts for observed
shoaling, thereby pushing the saltwater wedge sea-
ward and laterally into the channel, and increasing
wave-influenced mixing of marine and less saline
waters.
High sedimentation rates within the fine-grained
facies in the Hudson estuary (and other estuaries that
contain a significant ETM) is spatially a highly
localized phenomena within the area that the ETM
existed, concentrating the sedimentary accumulation
at any specific time in a relatively small portion of the
estuary over long-term time scales. This provides a
link between the processes occurring in the estuary
today (namely the ETM) and what is ultimately
preserved in the geologic record. Finally, understand-
ing the ETM can be important for environmental
geology, such as providing a better understanding of
the deposition and burial of contaminated sediment
patterns in the Hudson estuary as well as changes in
sedimentation patterns during potential future global
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